the internal standard was prepared by diluting the stock solution 10-fold. Chioramphenicol standards, 0 to 50 mgIL, and mock unknowns were prepared in pooled human sera (shown to be drug-free by testing before adding chloramphenicol) by adding appropriate volumes of the methanol standard to volumetric flasks, evaporating the methanol almost completely, and diluting to volume with blank plasma. Stock solutions, working solutions, and plasma standards, stored at 4 #{176}C, are stable for at least six months. We used the same standards in all assays.
One solution to the problem of keeping dilute solutions of ammnoglycosides in solution is to use an acidic glycine buffer to dilute patients' samples and controls. This buffer can be conveniently made as a 20-fold concentrated solution (0.2 mol/L glycine, 2.0 mollL NaCl), to be used as required.
Addition of a relatively small volume of glycine to a large volume of assay buffer then has a relatively small impact on the pH of the assay. Thus glassware commonly used in the laboratory can be used in aminoglycoside radioimmunoassay without the danger of adsorption.
Adsorption of aminoglycosides to glass surfaces may resalt from electrostatic interactions between negative charges on the surface of the glass and positively charged compounds such as tobramycin and gentamicin. At low pH's, the negatively charged groups on the surface become protonated, while at high pH's, the amino groups of the antibiotic become deprotonated. The sensitivity of adsorption to NaCl and the stability of aminoglycosides 'in polypropylene containers are in accord with this interpretation.
The precautions regarding aminoglycoside adsorption supplied in the instructions for commercial radioimmunoassay kits vary with the manufacturer but generally underestimate CLIN. CHEM. 25/2, 300-305 (1979) the impact of adsorption on assay characteristics. The results shown in Figure 1 indicate that the incubation interval in glass containers should be precisely controlled under adsorbing conditions. Adsorption in water may well reflect individual characteristics of the patient's serum-such as pH-creating random errors in assay values even in the presence of excellent duplicates for individual sera. Because it is difficult to ensure that adsorption has occurred equally from all samples, analyses of gentamicin and tobramycin can best be performed by eliminating it entirely, by use of the acidic glycine buffer we have described.
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We compared these three techniques for measuring chioramphenicol in serum or urine. Although each has Its particular advantages, any of them is shown to be satisfactory and may appropriately be used by clinical laboratories, according to the facilities available. Co., Houston, TX 77001) at pH 7.8. An equal volume of 10 mmol/L Tris.HC1 (pH 7.8) was added, and the suspension, kept on ice, was disrupted by exposure to sonic shock for five 1-mm periods, then centrifuged (2 #{176}C, 12 mm, 35 000 X g), and the supernatant fluid was used as the source of chloramphenicol acetyltransferase. Its activity was about 10 kU/L (7). Aliquots of it were stored at -70 #{176}C and thawed as needed for an assay.
The second method was more expedient, but did not allow for collection of the aminoglycoside adenylating enzyme (2).
The same E. coli strain was harvested after overnight growth, washed twice with Tris#{149}HC1 (10 mmol/L, pH 7.8), and resuspended in 40 mL of the same buffer. The bacteria were disrupted by sonication for 3 mm at 70W (Sonifer Cell Disrupter, W185; Heat Systems-Ultrasonic, Inc., Plainview, NY 11803).
Cell debris was removed by centrifugation at 30 000 X g for 30 mm at 2 #{176}C, and aliquots of the supernatant fluid containing the transferase were frozen at -70 #{176}C until use.
Enzymatic Assay for Chloramphenicol
The acetylation reaction was carried out in a final volume of 0.1 mL, in 12 X 75mm glass test tubes. All ingredients for enzymatic assay except chloramphenicol were prepared on ice to give a reaction mixture containing 10 L of Tris.HC1 (1 molfL, pH 7. into acetylated chloramphenicol was measured as counts/mm minus control counts obtained with a reaction mixture containing no chloramphenicol. All assays were done in duplicate.
Gas Chromatographic -Electron Capture Assay
Plasma samples were analyzed according to a modification of the method of Sams (9) . To 0.1 mL of sample in a screwcapped culture tube, 100 L of internal standard (20 igImL), 1.0 mL of phosphate buffer (100 mmolIL, pH 7.0) and 3.0 mL of ethyl acetate (Fisher Scientific) were added. The tubes were rotated for 10 mm, centrifuged for 10 mm, and the ethyl acetate layer was transferred to a clean tube and evaporated under a stream of filtered air in a water bath set at 40 #{176}C. Derivatization was accomplished by adding 100 of "TriSil"
(hexamethyldisilazane and trimethylchlorosilane in pyridmne;
Pierce Chemical Co., Rockford, IL 61105) to the residue and allowing it to stand at room temperature for 10 mm. The mixture was then diluted with 1.0 mL of cyclohexane (Aldrich Chemical Co., Milwaukee, WI 53233) and 5-uL aliquots were injected onto the gas chromatograph. Retention times for the internal standard and chloramphenicol were 2.3 and 3.8 mm, respectively. All solvents were of "chromatographic" grade or better, and all other chemicals were reagent grade and were used without further purification.
A Hewlett-Packard Model 5736A gas chromatograph equipped with a 63Ni electron capture detector was used. The chromatograph was equipped with a 183 cm X 2 mm (i.d.)
glass column packed with 3% OV-17 on GasChromQ (Applied Science Laboratories, Inc., State College, PA 16801). Carrier gas (5% methane in argon) flow rate was 40 mL/min and the injection port, column, and detector were maintained at 300, 240, and 300 #{176}C, respectively. Chromatograms were recorded and areas under the peaks of interest calculated by a Hewlett-Packard Model 3385A Automation System. Quantitation was done by using the ratio of the area under the chioramphenicol peak to that of the internal standard.
Gas Chromatographic-Mass Spectrometric Assay
To 1 mL of serum sample was added 20 iL of the internal standard solution (1 g/L). After addition of 2 mL of phosphate buffer (100 mmol/L, pH 7.0) and 3 mL of ethyl acetate to each sample tube, the mixtures were agitated and then centrifuged for 10 mm. The organic phases were pipetted into test tubes and were evaporated in a stream of nitrogen. The residues were derivatized by adding 100 ML of TriSil and allowing the mixture to stand at room temperature for 10 mm. Five microliters of each derivatized sample was then injected into the gas chromatograph-mass spectrometer (a Finnigan Model 3300 gas chromatograph-mass spectrometer interfaced with a Finnigan 6100 data system).
Gas chromatographic separations were achieved on a 152 cm X 2 mm i.d. glass column, packed with OV-1 on Gas ChromQ, 100/120 mesh. The oven temperature was maintained at 240 #{176}C isothermal and the injector temperature at 250 #{176}C. For qualitative identification of chloramphenicol, the mass spectrometer was operated in the scanning mode (70 eV ionizing energy).
Quantitative measurements were performed by selectively monitoring the ion rn/c 225, an intense peak in both the spectrum of trimethylsilylated chloramphenicol and reference material. Calibration curves were obtained by adding known quantities of chloramphenicol (0.5-50 g) and a fixed quantity of internal standard (20 g) to 1-mL quantities of serum and subjectingthese samples to the same extraction,derivatization, and measuring procedure. Ratios of peak intensity integrations, as obtained by computer, were plotted vs. chloramphenicol concentration.
Values for unknown concentrations of chloramphenicol in serum, obtained in the same manner, were calculated from the slope of the standard curve.
Sample Collection
Blood was obtained from 50 patients who were receiving chloramphenicol. After clotting, the samples were centrifuged and the sera removed and stored at -70 #{176}C until assayed. 
Results

Standard Curves for Enzymatic Assay
By either method of enzyme preparation, a standard curve similar to that shown in Figure 1 was generated for serum and urine. The curve was linear for chloramphenicol concentrations from 1 to 60 mg/L for serum and 1 to 50 mg/L for urine. The correlation coefficient for 14 samples, used with the two enzyme preparations, was 0.999.
Gas Chromatography with Electron Capture
Chromatograms of blank plasma, a standard plasma (chloramphenicol, 10 mgIL), and a representative patient's sample are shown in 
Sensitivity
The sensitivity of the assays, defined as the least amount of chloramphenicol which could be significantly (p < 0.05) distinguished from no drug, was 500 ng by radioenzymatic assay. Sensitivity of the gas chromatography with electron capture assay was in the picogram range and for the gas chromatographic-mass spectrometric assay the sensitivity was less than 1 ng.
Specificity and Stability
Experiments were designed to determine whether chloramphenicol would decrease in reactivity after incubation with either amikacin, ampicillin, cefazolin, gentamicin, or penicillin G. Chloramphenicol was incubated at both 37 and -70 #{176}C for seven days with each of these antibiotics. Aliquots were removed at 0, 24, and 168 h and tested by radioenzymatic assay for chloramphenicol activity. The results of these incubations (Table 1) showed that chloramphenicol is stable in the presence of these antibiotics at all of these intervals tested.
Precision
Within-assay precisionof the radioenzymatic method was determined by measuring in duplicate 10 aliquots of a single serum specimen containing 8 mg of chloramphenicol per liter. The mean and standard deviation were 7.99 ± 0.48 mg/L, with a CV of 6.0%. Between-assay precision for 15 assays showed a CV of 6.9%. The precision of the gas chromatographicelectron capture method was examined by repetitively assaying one patient's sample. The mean concentration was 10.7 mg/L (CV, 6.5%, n = 6). Between-and within-assay precision of the gas chromatography/mass spectrometry showed a CV of 3.5% (n = 10).
Correlation of Assays
Serum samples from 50 patients were analyzed for chloramphenicol by the three techniques. The results of each assay were compared and the correlations are shown in Figure 4 . The best correlation was between results of the radioenzymatic and the electron capture-gas chromatographic assays (r 0.985, y = 1.03x + 0.80). A good correlation was achieved between the mass spectrometric assay and either the radioenzymatic 
Discussion
The re-emergence of chloramphenicol as the drug of choice for the treatment of several life-threatening infections in all age groups (10) necessitates the availability of assays that provide precise, specific, and sensitive means of monitoring chloramphenicol concentrations and of performing pharmacokinetic studies. The commonly used microbiological assays have limited sensitivity, variable precision, and are not specific if the sample to be tested contains other antimicrobial agents (11, 12 ). An additional problem with this assay is the difficulty of interpreting results, especially when variations in support media or doubling zones are encountered, making precise reading of the inhibition zone difficult. In addition the bioassay is often time-consuming and requires that the specimens be sterile. Fig. 4. (a) Radioenzymatic and the gas ctomatography-eIectron capture assays compared for chloramphenicol in patients' serum samples (r = 0.985, y = 1.03x + 0.80) (b) Radioenzymatic and the gas chromatography-mass spectrometry compared for patients' serum samples (r = 0.964, y = 1.07x + 0.98) (C) Gas chromatograph-mass spectrometry and gas chromatography-electroncapture compared for patients' serum samples (r = 0.971, y = 0.98x + 2.06) Several colorimetric assays are available that measure the amine formed after reduction of the aromatic nitro group of chloramphenicol (13-16). These chemical procedures often co-determine inactive metabolites: chloramphenicol succinate (the intravenous preparation) and glucuronide both contain the nitro group and both are also included in the measurement. Solvent extractions must be performed if only free drug is to be measured. In addition, the colorimetric tests are not performed on microsamples and suffer the risk of interference by other drugs and billirubin.
The potential toxicities of chloramphenicol (17, 18) and the need to ensure that a therapeutic concentration is being achieved dictate the need for rapid, precise, and specific assay. We describe and compare three such assays, which provide the capability to conduct pharmacokinetic studies in humans, particularly in newborn infants and young children, for whom there are few data concerning dosing and dosing schedules. The three methods described compare favorably with one another.
The radioenzymatic procedure was first described for assaying gentamicin (19) and subsequently the R-mediated enzyme gentarnicin adenyltransferase was partly purified and characterized (20) . We previously have used the radioenzymatic assay to measure all aminoglycoside antibiotics (6, 7, (21) (22) (23) . The acetyltransferase enzyme used in the chloramphenicol assay can be prepared at the same time the aminoglycoside adenyltransferase enzyme is being produced. The chloramphenicol acetyltransferase assay is not affected by other antibiotics except thiamphenicol, a derivative. It is precise, rapid, and detects concentrations as low as 500 ig/L. The assay can be simplified by using the relative solubility of chloramphenicol estersin toluene scintillation fluid, thereby obviating the need for multiple benzene extractions (4) . This assay requires the use of liquid-scintillation counting equipment, which is available in most clinical laboratories.
Gas-chromatographic procedures have been described in which flame or electron-capture devices are used as detectors (24,25). "High pressure" liquid chromatography also has been shown to be a reliable method of measuring chloramphenicol (26) . The gas chromatographic-electron capture detection method of measuring chloramphenicol is rapid, technically simple, requires only microsamples, and is sensitive enough to make it well suited for routine use in a clinical laboratory.
The specificity of this assay makes it ideal for use in pharmacokinetic studies in adults and children from whom microsamples can be obtained.
The gas chromatographic/mass spectrometric procedure offers a particular advantage over other methods in providing an absolute identification of the molecule being measured (27). Since the complete mass spectrum can be monitored, quantitation is accomplished by measuring specific structural features of the molecule. There is, therefore, virtually no chance of measuring a contaminating molecule that may cochromatograph with chloramphenicol or one that may bind to a receptor in a radioimmunoassay. 
